In an agricultural drought risk system, crop drought loss sensitivity evaluation is a fundamental link for quantitative agricultural drought loss risk assessment. Summer maize growth processes under various drought patterns were simulated using the Cropping System Model (CSM)-CERES-maize, which was calibrated and validated based on pit experiments conducted in the Huaibei Plain during 2016 and 2017 seasons. Then S-shaped maize drought loss sensitivity curve was built for fitting the relationship between drought hazard index intensity at a given stage and the corresponding dry matter accumulation and grain yield loss rate, respectively. Drought stress reduced summer maize evapotranspiration, dry matter, and yield accumulation, and the reductions increased with the drought intensity at each stage. Moreover, the losses caused by drought at different stages were significantly different. When maize plants were exposed to a severe water deficit at the jointing stage, the dry matter and grain yield formation were greatly affected. Therefore, maize growth was more sensitive to drought stress at the jointing stage when the stress was serious. Furthermore, when plants encountered a relatively slight drought during the seedling or jointing stage, which represented as a lower soil water deficit intensity, the grain yield loss rates approached the maximum for the sensitivity curves of these two stages. Therefore, summer maize tolerance to water deficit at the seedling and jointing stages were weak, and yield formation was more sensitive to water deficit during these two stages when the deficit was relatively slight.
Introduction
Natural disasters are occurring frequently, and are affected by global climate change and warming tendencies around the world. Drought is a typical natural disaster with wide effects that causes great losses in worldwide agriculture [1] . Worldwide, the average annual economic losses in agricultural production due to drought have exceeded $ 6 billion, and still increasing [2] . China, a drought disaster-prone country located in the East Asian monsoon region, reports over 25 billion kg of annual grain losses due to drought [3] , directly affecting agricultural production and directly threatening food security [4] .
DSSAT is one of the most widely used and effective software for crop growth simulation, it includes CERES series, GROPGRO series and other crop models. These models could simulate daily growth processes of many crop species under drought stress and reflect crop characteristics and driving mechanisms of agricultural drought. Furthermore, maize is an important crop in the world, which could be a major source of food, fodder, and industrial material [25] . Statistics indicate that, over the past 50 years in China, the sown area of maize has accounted for 23.7% of the total sown area of grain per year, and the annual maize yield has accounted for 26.4% of the total grain production [25] . Moreover, Huaibei Plain is one of the main maize production regions in China [26] , and the maize is mostly cultivated in the summer. The distribution of precipitation in this area is uneven due to the semi-arid and sub-humid monsoon climate. Meanwhile, the temperatures in summer of this plain are relatively high. Therefore, in this region, agricultural drought events occur frequently during the summer maize growing period [27] . A sensitivity curve could identify the sensitivity of maize growth to drought stress at each crop growth stages, which contributes to formulate effective irrigation schedules and measures for reducing grain losses. In this study, two seasonal summer maize experiments in the Huaibei Plain region were implemented, the data about maize growth and yield formation was used to (1) calibrate CSM-CERES-maize model and then simulate the maize growth processes under different drought scenarios; (2) build the summer maize drought loss sensitivity curve by fitting the relationship between drought hazard and the corresponding maize growth loss for each stage; and (3) compare the sensitivity of maize growth to a given drought stress degree at different periods. These sensitivity curves, which are built based on the physical mechanism of agricultural drought and actual crop growth processes under drought conditions, provide important basis for quantitative assessment of crop drought loss vulnerability and regional agricultural drought loss risk.
Materials and Methods
This study established sensitivity curves for summer maize in the Huaibei Plain, by combining pit plot experiments with CSM-CERES-maize model. Figure 1 illustrates the process of building sensitivity curves. The sensitivity curve, which was the quantitative relationship between drought intensity during a given maize growth stage and the corresponding maize loss, was constructed based on the samples under various drought patterns. Furthermore, these drought patterns were obtained by setting different precipitation events during maize growth period in DSSAT according to the actual precipitation characteristics in this area. In addition, the model was calibrated and validated by the measured experimental results before running. Specifically, in this study, the drought hazard index (DHI) was chosen to quantify the drought intensity in each maize growth stage, the dry matter accumulation loss and yield loss were respectively selected to quantitatively reflect the influence of drought stress on maize growth. The DHI, maize dry matter accumulation, and yield were outputs of CSM-CERES-maize model. In the model, the maize genetic parameters were mainly calibrated and validated. In detail, these parameters were calibrated using the data from experiment during the 2016 season and then validated by the experimental results in 2017. Moreover, three types of input data for the model included: (1) soil data; (2) meteorological data; and (3) field management data, such as planting density and amount of fertilizer application.
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Data input

CERESmaize model
Summer Maize Pit Plot Experiments
Summer maize pit experiments were conducted at the Xinmaqiao Farmland Irrigation and Drainage Experiment Station, part of the Anhui and Huaihe River Institute of Hydraulic Research in Bengbu City, Anhui Province (33 • 09 N and 117 • 22 E) ( Figure 2 ). This research site has a mean annual precipitation of 910 mm, a mean pan evaporation of 916 mm, a mean temperature of 15.0 • C, a mean sunshine duration of 1850 h, and a mean relative humidity of 73%. The experimental soil was Shajiang black soil, which was typical soil collected from this station. The soil water at field capacity was 0.38 (cm 3 /cm 3 ), the soil water at wilting point was 0.12 (cm 3 /cm 3 ) and the bulk density was 1.36 g/cm 3 . The two seasonal experiments were respectively implemented from 14 June (sowing) to 25 September (harvest) during the 2016 season, and from 9 June to 21 September in 2017. 
Summer maize pit experiments were conducted at the Xinmaqiao Farmland Irrigation and Drainage Experiment Station, part of the Anhui and Huaihe River Institute of Hydraulic Research in Bengbu City, Anhui Province (33°09′ N and 117°22′ E) ( Figure 2 ). This research site has a mean annual precipitation of 910 mm, a mean pan evaporation of 916 mm, a mean temperature of 15.0 °C, a mean sunshine duration of 1850 h, and a mean relative humidity of 73%. The experimental soil was Shajiang black soil, which was typical soil collected from this station. The soil water at field capacity was 0.38 (cm 3 /cm 3 ), the soil water at wilting point was 0.12 (cm 3 /cm 3 ) and the bulk density was 1.36 g/cm 3 . The two seasonal experiments were respectively implemented from 14 June (sowing) to 25 September (harvest) during the 2016 season, and from 9 June to 21 September in 2017.
Summer maize plants (cv. Longping-206) were cultivated in pit plots, and the size of each plot was 2.00 m (length) × 3.33 m (width) × 2.30 m (depth). There were four planting rows in each plot, and five maize plants were retained in each row. The seed spacing was 30 cm and the row spacing was 50 cm. Moreover, there were 500 g of compound fertilizer (N 15%, P2O5 15%, K2O 15%) and 200 g of urea were applied after sowing to promote the growth of seeds. All maize plots were placed under a movable rainout shelter ( Figure 2 ), which was closed when precipitation occurred if the experiment requirement should be met. To eliminate the influence of rainfall, the experimental treatment in 2016 for summer maize was full irrigation without precipitation supplement, and the irrigation schemes were conducted based on the previous research [28] and crop experiments at this station for many years. However, for the treatment during the 2017 season, the summer maize grew completely under rain-fed conditions, the soil water was supplemented only by precipitation. Furthermore, three replications (three plots) were both arranged for the treatments in the two seasons. During the experimental period, all the field management practices except for irrigation or precipitation were the same for each maize plot. 
Experimental Measurements
Soil Water Content
The soil water content at 0-40 cm in the experimental plot was measured via sampling and drying approximately every seven days during the 2016 and 2017 seasons. In each pit plot, two observation points were selected and the soil was sampled every 10 cm deep at each point. The Summer maize plants (cv. Longping-206) were cultivated in pit plots, and the size of each plot was 2.00 m (length) × 3.33 m (width) × 2.30 m (depth). There were four planting rows in each plot, and five maize plants were retained in each row. The seed spacing was 30 cm and the row spacing was 50 cm. Moreover, there were 500 g of compound fertilizer (N 15%, P 2 O 5 15%, K 2 O 15%) and 200 g of urea were applied after sowing to promote the growth of seeds. All maize plots were placed under a movable Agronomy 2019, 9, 78 5 of 20 rainout shelter ( Figure 2 ), which was closed when precipitation occurred if the experiment requirement should be met. To eliminate the influence of rainfall, the experimental treatment in 2016 for summer maize was full irrigation without precipitation supplement, and the irrigation schemes were conducted based on the previous research [28] and crop experiments at this station for many years. However, for the treatment during the 2017 season, the summer maize grew completely under rain-fed conditions, the soil water was supplemented only by precipitation. Furthermore, three replications (three plots) were both arranged for the treatments in the two seasons. During the experimental period, all the field management practices except for irrigation or precipitation were the same for each maize plot.
Experimental Measurements
Soil Water Content
The soil water content at 0-40 cm in the experimental plot was measured via sampling and drying approximately every seven days during the 2016 and 2017 seasons. In each pit plot, two observation points were selected and the soil was sampled every 10 cm deep at each point. The weights of fresh and dry soil were both measured, and then the soil water content at four layers (0-10 cm, 10-20 cm, 20-30 cm, and 30-40 cm) were calculated, respectively.
Summer Maize Phenophase
The phenophases of summer maize in 2016 and 2017 were based on Zadoks' method [29] . A given growth stage was considered when more than half of all maize plants in the plot had reached this period. The summer maize growth period in this study was further divided into four single growth periods (Table 1 ). 
Maize Dry Matter Accumulation and Grain Yield
Dry matter accumulation (root, stem, leaf and fruit) and grain yield of all maize plants in each plot were measured after drying in the sun, with an electronic balance (TD30K-0.1, Tianjin Balance Instrument Co., LTD., Tianjin, China) in both seasons.
CSM-CERES-Maize Model Data Input
Soil Data
The experimental soil was divided into four layers from 0 to 40 cm, and part soil characteristics at each layer were respectively measured before experiments in this station during the 2016 and 2017 seasons. Results of soil bulk density, clay content, silt content, and initial soil water content are shown in Table 2 , which were observed soil data for inputting in the CSM-CERES-maize model. 
Meteorological Data
During the 2016 and 2017 growing seasons, precipitation was different, which may have affected the drought schemes set in this study. The actual daily precipitation, wind speed at a height of 2 m, maximum and minimum air temperatures, relative humidity, and sunshine duration during the whole summer maize growth periods in both seasons, were measured with automatic weather station located at the experimental site. In addition, daily solar radiation was calculated according to daily sunshine duration based on the Angstrom equation [30] (Figures 3 and 4 ).
where R s is the daily solar radiation (MJ/m 2 ); R max is the daily extraterrestrial solar radiation on a horizontal surface (MJ/m 2 ); n is the monthly average daily sunshine duration (h); N is the monthly average maximum possible daily sunshine duration (h); a s and b s are the empirical parameters, which were 0.25 and 0.50 in this study, respectively, according to the recommendation of FAO-56.
where Rs is the daily solar radiation (MJ/m 2 ); Rmax is the daily extraterrestrial solar radiation on a horizontal surface (MJ/m 2 ); n is the monthly average daily sunshine duration (h); N is the monthly average maximum possible daily sunshine duration (h); as and bs are the empirical parameters, which were 0.25 and 0.50 in this study, respectively, according to the recommendation of FAO-56. 
Drought Patterns Setting
To study the effects of drought degree and drought occurrence time on maize growth and yield formation, and meanwhile to provide sufficient sample points for establishing maize drought loss sensitivity curve, different drought intensity scenarios were set at different stages. Furthermore, the drought conditions were controlled only by the amount of precipitation during the maize growth stage. In detail, for the 2016 and 2017 seasons, the actual amount of rainfall at each stage was regarded as 100% of precipitation level, and then 0, 20, 40, 60, and 80% of actual precipitation amounts were respectively assumed during each stage. Therefore, there were 21 drought patterns set in the CSM- 
To study the effects of drought degree and drought occurrence time on maize growth and yield formation, and meanwhile to provide sufficient sample points for establishing maize drought loss sensitivity curve, different drought intensity scenarios were set at different stages. Furthermore, the drought conditions were controlled only by the amount of precipitation during the maize growth stage. In detail, for the 2016 and 2017 seasons, the actual amount of rainfall at each stage was regarded as 100% of precipitation level, and then 0, 20, 40, 60, and 80% of actual precipitation amounts were respectively assumed during each stage. Therefore, there were 21 drought patterns set in the CSM-CERES-maize model for each season (Table 3) . Moreover, the date of rainfall event in each scenario was the same as the actual situation in both seasons. 
Maize Drought Loss Sensitivity Curve
Previous research about flood disaster damages assessment [31] had indicated that an S-shaped (logistic) function could be used to fit the relationship between flood hazard and the corresponding flood damage. Moreover, according to the formation process and physical mechanism of agricultural drought loss risk [7] and the current drought vulnerability curve studies [22, 32, 33] , a logistic function was also used to fit the relationship between drought degree (quantified by drought hazard index, DHI) and the corresponding summer maize growth loss (quantified by dry matter accumulation loss rate and grain yield loss rate, LR) under various drought scenarios for each stage. The equation was expressed as
where LR (DHI) is the summer maize grain yield (or dry matter accumulation) loss rate function that changes with the degree of drought hazard index for a given growth stage, that is the maize sensitivity curve; α, β, and LR max are the curve parameters, their specific physical meanings could be referred to the relevant research [34] . A S-shaped curve, which was called summer maize drought loss sensitivity curve ( Figure 5 ) was proposed based on a logistic function for assessing water-induced disaster damages expatiated by Chen et al. [35] . Moreover, according to the relevant research [34] , the curve was divided into three parts by three inflection points as follows: most rapidly. When the speed became small, the influence of drought on maize growth and yield formation was close to the upper limit for guaranteeing the plants survival. Figure 5 . S-shaped summer maize sensitivity curve during a given stage. DHI: drought hazard index intensity at this stage. LR: grain yield (dry matter accumulation) loss rate induced by drought stress during this period.
Drought Hazard Index
The drought hazard index (DHI) was proposed to quantify the drought degree during a given maize growth stage, it reflected both the intensity and the duration of drought stress. The values of DHI under different drought patterns could be used as the abscissas for establishing maize drought loss sensitivity curve. Specifically, the DHI during a given stage was calculated based on the daily drought intensity at this stage, and the daily drought intensity was quantitatively described by soil water deficit index (SWD). Moreover, the daily SWD was obtained by the daily soil water content simulated by CSM-CERES-maize model, based on drought identification theory [36] , relevant research about suitable soil moisture content for plant growing [37, 38] , and experimental research about deficit irrigation in this station for many years. The formulas were expressed as   Point A was defined as the disaster-inducing point, at this point, the increasing speed of LR grew the fastest. From point A, the value of LR rapidly increased with DHI, which indicated that the drought started to develop. Thus, this point has crucial reference value for early drought forecast.
Point B was defined as the disaster-breaking point, and at this point, the increasing speed of LR was the fastest. The value of LR attained LR max /2 at point B; therefore, it was important to avert reaching the water deficit intensity at this point during each summer maize growth stage.
Point C was defined as the disaster-ceasing point, at this point, the increase rate of LR decreased most rapidly. When the speed became small, the influence of drought on maize growth and yield formation was close to the upper limit for guaranteeing the plants survival.
The drought hazard index (DHI) was proposed to quantify the drought degree during a given maize growth stage, it reflected both the intensity and the duration of drought stress. The values of DHI under different drought patterns could be used as the abscissas for establishing maize drought loss sensitivity curve. Specifically, the DHI during a given stage was calculated based on the daily drought intensity at this stage, and the daily drought intensity was quantitatively described by soil water deficit index (SWD). Moreover, the daily SWD was obtained by the daily soil water content simulated by CSM-CERES-maize model, based on drought identification theory [36] , relevant research about suitable soil moisture content for plant growing [37, 38] , and experimental research about deficit irrigation in this station for many years. The formulas were expressed as
where DHI represents the intensity of drought hazard index during a given maize growth stage; n is the number of days during this period; SWD j is the soil water deficit intensity on the jth day during this stage; maxSWD j and minSWD j are the maximum and minimum values of SWD during this stage;
θ j represents the simulated soil water content on the jth day at this stage; θ FC and θ WP are the soil water content at field capacity and wilting point in this study, respectively.
Drought Loss Rates of Maize Dry Matter Accumulation and Grain Yield
In this study, the drought loss rates of grain yield and dry matter accumulation at harvest time (LR) were selected as the variables for quantifying the effects of drought stress during each stage on maize growth and yield formation. The values of LR under different drought patterns were used as the ordinates for establishing maize drought loss sensitivity curve. The loss rates of maize grain yield and dry matter accumulation under each drought pattern was calculated as
where LR represents the loss rate of maize grain yield or dry matter accumulation under a given drought pattern; GY and DMA are the simulated maize grain yield and dry matter accumulation at harvest time under this pattern, respectively; maxGY and maxDMA respectively represent the values of GY and DMA under the pattern with 100% of precipitation level during the whole maize growth period (drought pattern CK).
Results and Discussion
Calibration and Validation of Summer Maize Genetic Parameters
The calibration of CSM-CERES-maize model mainly focused on determining the variety and genetic parameters of summer maize cultivated in the experiments. The genetic parameters need to be calibrated and validated in this study included P1, P2, P5, G2, G3, and PHINT [39] , and the detailed descriptions are indicated in Table 4 . These parameters were adjusted using the generalized likelihood uncertainty estimation (GLUE) procedure of DSSAT set to 10,000 iterations. The recorded dates of the beginning of flowering and maturity for summer maize in the experiments, dry matter accumulation and grain yield at harvest time were respectively selected as the output variables for calibrating and validating the genetic parameters. In detail, these observed results in the 2016 season were used to calibrate the parameters, and those in 2017 were used for validation. The absolute relative error (ARE) and relative root mean square error (RRMSE) were applied to assess the applicability and accuracy of the calibrated summer maize genetic parameters. In addition, the smaller the value of ARE or RRMSE, the lower the error between the observed and simulated output variable, and the more accurate the calibrated genetic parameters.
where k represents the number of samples for an output variable; Sim i is the simulated result of the ith sample by CSM-CERES-maize model; Obs i is the observed result of the ith sample by crop experiments; and Obs' represents the average value of all observation samples for a output variable. The results of calibration showed that the dates of the beginning of flowering and maturity were precisely simulated based on the calibrated and validated summer maize genetic parameters, the errors were both within four days relative to the observed values ( Table 5 ). For these two outputs, the values of ARE and RRMSE in both seasons were all less than 5%. Similarly, the simulated grain yield and dry matter accumulation at harvest time during the calibration and verification phases were all close to the observed results. Therefore, the adjusted genetic parameters of summer maize in the experiments were accurate and reliable, the simulations of maize growth process under various drought patterns could be further carried out based on the calibrated and validated CSM-CERES-maize model with these parameters. Furthermore, this study aimed at exploring the quantitative effects of different drought patterns on maize growth and yield formation by CSM-CERES-maize model. Meanwhile, the simulation precision of soil water content directly determined the reliability and accuracy of the entire simulated results under various drought conditions. Study had shown that 85-90% of maize roots during the whole growth period were mainly distributed in the columnar soil with a radius of 20 cm and a height of 40 cm [40] . Therefore, the observed soil water content at layer above 40 cm deep was selected to verify the simulated results in the model. Table 6 indicates the average value of simulated soil water content during the whole summer maize growth stage at two different layers based on the adjusted genetic parameters and observed results during the two seasons, and the values of the corresponding RRMSE were all less than 10%. Moreover, the tendency and distribution of simulated soil water content were both mostly close to the measured values ( Figure 6) ; therefore, the model could accurately simulate the soil water content in time and space. Consequently, the simulated soil water deficit and maize growth processes under different drought patterns based on the calibrated and validated CSM-CERES-maize model could be reliably and reasonably used to build sensitivity curves. Furthermore, this study aimed at exploring the quantitative effects of different drought patterns on maize growth and yield formation by CSM-CERES-maize model. Meanwhile, the simulation precision of soil water content directly determined the reliability and accuracy of the entire simulated results under various drought conditions. Study had shown that 85-90% of maize roots during the whole growth period were mainly distributed in the columnar soil with a radius of 20 cm and a height of 40 cm [40] . Therefore, the observed soil water content at layer above 40 cm deep was selected to verify the simulated results in the model. Table 6 indicates the average value of simulated soil water content during the whole summer maize growth stage at two different layers based on the adjusted genetic parameters and observed results during the two seasons, and the values of the corresponding RRMSE were all less than 10%. Moreover, the tendency and distribution of simulated soil water content were both mostly close to the measured values ( Figure 6) ; therefore, the model could accurately simulate the soil water content in time and space. Consequently, the simulated soil water deficit and maize growth processes under different drought patterns based on the calibrated and validated CSM-CERES-maize model could be reliably and reasonably used to build sensitivity curves. 
Soil Water Deficit (SWD)
For each stage, the daily soil water deficit under patterns with relatively sufficient precipitation were obviously lower. By contrast, SWD under no precipitation condition at each maize growth stage were basically the largest. The soil water content gradually decreased with the maize water consumption, then it increased after rainfall event, with SWD change accordingly (Figure 7) .
were basically the largest. The soil water content gradually decreased with the maize water consumption, then it increased after rainfall event, with SWD change accordingly (Figure 7) . SWD during the seedling and jointing stages fluctuated more frequently than those during the following two stages in the 2016 season. However, the values of SWD during the tasseling and milking stages were relatively higher. These results were accorded with the actual situation that the precipitation events mainly occurred at summer maize earlier growth period in 2016. The actual precipitation amount during the four stages in the 2016 season were respectively 111, 55, 19, and 34 mm. However, SWD fluctuated more frequently during the milking stage in 2017. Similarly, it was related to the precipitation during each maize growth stage. The actual precipitation amount at the milking stage in 2017 had reached 210 mm, which was the largest among four stages in the season. In a word, the simulated soil water content and corresponding SWD could accurately reflect the actual water deficit processes during maize growth period under various drought conditions, the calibrated and validated model was reliable and could be used for building sensitivity curves. SWD during the seedling and jointing stages fluctuated more frequently than those during the following two stages in the 2016 season. However, the values of SWD during the tasseling and milking stages were relatively higher. These results were accorded with the actual situation that the precipitation events mainly occurred at summer maize earlier growth period in 2016. The actual precipitation amount during the four stages in the 2016 season were respectively 111, 55, 19, and 34 mm. However, SWD fluctuated more frequently during the milking stage in 2017. Similarly, it was related to the precipitation during each maize growth stage. The actual precipitation amount at the milking stage in 2017 had reached 210 mm, which was the largest among four stages in the season. In a word, the simulated soil water content and corresponding SWD could accurately reflect the actual water deficit processes during maize growth period under various drought conditions, the calibrated and validated model was reliable and could be used for building sensitivity curves.
Maize Evapotranspiration
For each stage in both seasons, the daily average summer maize evapotranspiration (ET) under patterns with relatively less precipitation were obviously lower ( Figure 8) . Specifically, the value of ET under 100% of actual precipitation condition was the largest, while that without precipitation was basically the least. Moreover, ET at the seedling stage fluctuated more frequently in 2016, especially under pattern CK, while ET during the milking stage fluctuated more frequently in 2017. These results were consistent with the variations of the corresponding SWD for the two seasons, and also due to the distributions of actual precipitation during maize growth period. Therefore, drought stress reduced summer maize evapotranspiration at each stage, and the more severe the drought, the more significant the reduction. Furthermore, the simulated daily evapotranspiration by the calibrated and validated model precisely reflected the actual summer maize physiological status under different drought intensities and drought occurrence phases. 
Summer Maize Sensitivity Curves
The coefficients of determination (R 2 ) of summer maize drought loss sensitivity curves were all higher than 0.7 (Tables 7 and 8) , and this the S-shaped function had a clear physical meaning. This result also showed that it was suitable and accurate to describe the changes of maize growth damage with water deficit intensity (Figures 9 and 10) . The curves of four periods for the two seasons had the similar tendencies. According to the physical meanings of parameters in the S-shaped damage curve [35] , LR max reflects the upper limit of maize GY loss or DMA loss. The highest GY loss rates in the 2016 and 2017 seasons both occurred at the jointing stage, the values were 43% and 50% (Table 7) , respectively. Moreover, the values of LR max during the seedling stage were much lower (16% and 2% in 2016 and 2017, respectively). There were similar results for the DMA loss curves, the largest values of LR max occurred at the jointing stage and those during the seedling stage were the lowest ( Table 8 ). This result indicated that the growth damage was the most serious if the maize plants suffered severe drought stress during the jointing stage. Thus, maize growth was more sensitive to drought stress during the jointing stage when the drought degree was high, and water supply should be guaranteed. Meanwhile, maize had a less loss when the plants experienced a severe water stress during the seedling stage. Moreover, it reflected that the influences of serious drought stress during each maize growth on dry matter and yield formation were basically consistent. Similar results were reported by Cakir et al. [41] , who found that drought stress during the maize jointing stage reduced the grain yield by 57-63%, while the reductions were only 20-38% caused by stress at other stages. Furthermore, previous studies found that the crops could partially recover from the previous drought stress after the stress was relieved during the following growth periods, the loss caused by the early drought may be compensated by this recovery ability [42, 43] . 0.40 in the 2017 season. For DMA curves, the corresponding DHI were 0.94, 0.26, 0.64, and 0.81, respectively. The minimum DHI for GY and DMA curves were both found during the jointing stage. However, the minimum DHI on the breaking points on GY and DMA curves were both discovered at the seedling stage in 2016 (0.15 and 0.23). This difference could be induced by a relatively uneven precipitation in 2016. The precipitation during the whole maize growth period was lower, and mainly occurred at the seedling stage. This may magnify the effects of drought during this stage. The fact that water stress reduces plant leaf area has been shown in many studies [41, 44] . Furthermore, deficit irrigation during plant vegetative growth phase may inhibit the leaf development, thereby limit the canopy development [45] . Stone et al. [46] studied the responses of sweet corn biomass and yield formation to duration and severity of water deficit, and found that the yield was strongly related to the biomass, and the biomass was reduced by water deficit because of the reduced total radiation interception, especially for the early water deficit treatments. Moreover, drought during plant vegetative growth phase may lead to a premature or postponed tendency of the following stages [47] , which affects the reproductive growth and kernel development of plant. In addition, although the water deficit at vegetative stage may reduce biomass accumulation, the negative influence could be compensated by an adequate irrigation during the later growth periods [48] . Farré et al. [49] discovered that deficit irrigation at early vegetative phase reduced maize yield in 1995 but not in 1996, which was due to the much lower seasonal rainfall in 1995. Therefore, the effect of compensation may not be obvious if the irrigation at the following stages are not sufficient. Similarly, for the summer maize sensitivity curve results in this study, the upper limits of drought loss on sensitivity curves at the seedling stage in 2016 were both higher than those in 2017 (Figures 9 and 10) , which was consistent with the fact that the precipitation during the 2017 season was more adequate than that in 2016. The parameter β indicates the speed to attain the upper limit of maize drought growth loss. At a given growth stage, a higher value of β indicates that the loss may reach the limit under a slighter drought intensity. Taking the grain yield loss sensitivity curves in the 2016 season ( Figure 9) as an example, the largest value of β in the 2016 season was 18.80 and this value was found at the sensitivity curve during the seedling stage. However, the maximum value of β in 2017 was found at the jointing stage (9.98 in Table 7 ). This was likely due to a lower precipitation in 2016, which mainly happened at the early growth period, the influence of drought stress at the seedling stage was further exaggerated by the continued stress during the following stages. Moreover, although the upper limits of the sensitivity curves in these two stages were lower than those in other stages, the loss rate reached the corresponding limit more quickly (the value of DHI which corresponded to the disaster-ceasing point was lower). This finding may be explained by the fact that the resistance abilities to water deficit of summer maize during the vegetative growth period were small [41] . Thus, summer maize tolerance to water deficit at the seedling and jointing stages were relatively weak, and grain yield accumulation was more sensitive to drought stress during these two stages when the stress was slight, the intensity of water stress during the two periods should be controlled.
The DHI of the drought disaster-inducing points on maize GY loss sensitivity curves during the seedling, jointing, tasseling, and milking stages in the 2017 seasons were 0.30, 0.04, 0.38, and 0.21, respectively. For the DMA loss sensitivity curves, the corresponding DHI were 0.47, 0.08, 0.35, and 0.46. There were similar results in 2016, the smallest DHI of the disaster-inducing points on GY and DMA loss sensitivity curves were 0.07 and 0.11, respectively, which were also found during the jointing stage. Moreover, the DHI of the drought disaster-breaking points on GY loss sensitivity curves at the seedling, jointing, tasseling, and milking stages respectively were 0.82, 0.17, 0.69, and 0.40 in the 2017 season. For DMA curves, the corresponding DHI were 0.94, 0.26, 0.64, and 0.81, respectively. The minimum DHI for GY and DMA curves were both found during the jointing stage. However, the minimum DHI on the breaking points on GY and DMA curves were both discovered at the seedling stage in 2016 (0.15 and 0.23). This difference could be induced by a relatively uneven precipitation in 2016. The precipitation during the whole maize growth period was lower, and mainly occurred at the seedling stage. This may magnify the effects of drought during this stage.
Conclusions
This study simulated summer maize growth under various drought patterns and built maize sensitivity curves using CSM-CERES-maize model. Drought reduced maize evapotranspiration, dry matter and yield formation, and the reductions increased with the drought intensity at each stage. Moreover, the losses induced by drought at different growth periods differed obviously.
The negative impacts on dry matter and yield formation were both the greatest when maize plants were exposed to severe drought stress during the jointing stage. Maize growth was more sensitive to drought stress during the jointing stage when the stress was serious, thus it was necessary to ensure the irrigation at this period. Moreover, when plants encountered a relatively mild drought stress at the seedling or jointing stage, the yield damage accessed the maximum for the sensitivity curve of this stage. Therefore, tolerability of maize at the seedling and jointing stages were relatively weak, and yield accumulation was more sensitive to water deficit at these two stages when the deficit was slight; therefore, the deficit during the two stages should be strictly controlled.
A sensitivity curve is a basic function for building vulnerability curve and agricultural drought loss risk curve. However, the sensitivity curve during a given crop growth period is related to the distribution of drought events at this period, which should be considered in future research.
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